Bismuthates were the first family of oxide high-temperature superconductors 1 , exhibiting superconducting transition temperatures (T c ) up to 32 K (Refs. 2 and 3), but the superconducting mechanism remains under debate despite more than 30 years of extensive research.
and strong electron-phonon interactions with a coupling constant λ ∼ 1.3 ± 0.2. These findings solve a long-standing mystery -Ba 0.51 K 0.49 BiO 3 is an extraordinary Bardeen-CooperSchrieffer (BCS) superconductor, where long-range Coulomb interactions expand the bandwidth, enhance electron-phonon coupling, and generate the high T c . Such effects will also be critical for finding new superconductors.
The phase diagram of bismuthate superconductors fits the paradigm of high-temperature superconductivity emerging near a competing broken-symmetry phase. As shown in Figs. 1a-b, BaBiO 3 is a perovskite-like insulator with a ∼2 eV band gap 5 , where a commensurate charge density wave (CDW) doubles the unit cell and is accompanied by breathing and tilting distortions of the BiO 6 octahedra [6] [7] [8] . With potassium doping, the CDW is suppressed and superconductivity develops, reaching its highest T c of 32 K at Ba 1−x K x BiO 3 with x ∼ 0. 35 (Ref. 9) . These T c s are much higher than those of conventional phonon-mediated superconductors with a similar density of states at the Fermi energy [9] [10] [11] . However, unlike cuprates or iron-based superconductors where superconductivity emerges near magnetic order, there is no magnetic phase anywhere in the phase diagrams of the bismuthate superconductors, suggesting a nonmagnetic pairing mechanism 9, 10 . Two pictures have emerged to explain the bismuthates' long-debated pairing mechanism. One, rooted in the chemistry of the compound, posits that Cooper pairs form locally. The nominal Bi 4+ valence is not energetically favorable and charge disproportionates into Bi 3+ and Bi 5+ (Refs. 12 and 13), although the actual charge difference is much smaller than assumed in an ionic picture 14, 15 .
Electron pairs preferentially occupying one sublattice could give rise to the insulating CDW state.
Upon increasing doping, the charge disproportionation weakens and eventually disappears, but the electron pairs may survive and Bose condense, leading to superconductivity 13, 16 . It has also been stressed that one should think of these as negative charge-transfer materials, in which the holes introduced upon doping reside mainly in oxygen states of A 1g symmetry around the Bi sites 7, 17, 18 . An alternative picture posits that the pairing in the bismuthates is due to strong electron-phonon coupling, with a model of electrons coupled to optical phonons introduced for BaPb
Early density functional theory (DFT) calculations, however, found an electron-phonon coupling (EPC) constant λ of 0.34, far too small to account for the high T c (Ref. 20) . More recently, it has been argued that the long range Coulomb interactions (LRCI) were underestimated in bismuthates, since they are nearly insulators and the screening should be weak. Consequently, the electron-phonon coupling is underestimated by DFT coupled with semi-local exchange-correlation functionals such as local density approximation (LDA) and generalized gradient approximation (GGA) 21 . When LRCI exchange terms are considered using the screened hybrid functionals and the GW method, the calculated bandwidth is significantly broadened, and electron-phonon coupling is increased substantially to λ ≃ 1, which could account for the high T c of ∼30 K (Ref. 21).
Furthermore, with such a large λ, dynamical mean field theory (DMFT) calculations reproduce the main features of optical conductivity studies 22 . However, the band expansion effect of LRCI has never been directly corroborated in any real material 4 .
To clarify the superconducting mechanism of this important superconductor family, it is crucial to obtain a comprehensive understanding of its electronic structure and superconducting gap structure, which remain unknown. As one of the most direct probes of these properties, angleresolved photoemission spectroscopy (ARPES) studies on bismuthate superconductors are still lacking, possibly due to the difficult-to-cleave three-dimensional crystal structure and insufficient sample quality. Here we perform ARPES measurements on the electronic structure of high quality Ba 0.51 K 0.49 BiO 3 single crystals with a T c of 22 K (Fig. 1c) , which is consistent with the reported phase diagram (Fig. 1b) .
The three-dimensional Fermi surface structure is revealed by the combination of k z dependent and in-plane photoemission intensity maps at the Fermi energy (Figs. 2a-c) . The Fermi surface cross-sections in the ΓZX plane match the period of the Brillouin zones when assuming an inner potential of 7 eV (Fig. 2b ) and match the cross-section in the ΓMX plane (Fig. 2c) as expected. The Fermi surface is a rounded cube shape centered at Γ, consistent with theoretical calculations 20, 23, 24 .
Based on the Fermi surface volume and Luttinger's theorem 25 , the electron carrier density is es- At Γ, α and β are degenerate as shown by the calculations (Fig. 2g) . The measured occupied bandwidth of α is unexpectedly ∼34 % larger than that calculated using GGA, in stark contrast to the cuprate and iron-based superconductors, where the electronic bands are strongly renormalized to be much narrower than the DFT-LDA/GGA bandwidth due to short-range Coulomb interactions. Our findings indicate that the short-range Coulomb interaction strength is very weak in Ba 0.51 K 0.49 BiO 3 , fundamentally different from in cuprate and iron-based superconductors. On the other hand, the highly-dispersing α band is reproduced excellently by DFT-HSE06 calculations (using Heyd-Scuseria-Ernzerhof hybrid functional, Fig. 2g ), without any tuning parameter.
A slight discrepancy near the α band bottom leads to a ∼8 % narrower occupied bandwidth than in the HSE06 calculation, perhaps arising from uncertainty due to broad photoemission features, , and semimetals
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, and the near-perfect reproduction of the observed bandwidth by HSE06 here indicates that it plays an important role in the bismuthate superconductors, likely because bismuthates are near an insulating phase. As discussed later, this interaction not only expands the electronic bands, but also has a profound impact on the lattice dynamics and electronphonon interaction.
The temperature dependence of the superconducting gap is investigated at the Fermi momentum (k F ) along ΓX in the ΓMX plane using 30 eV photons ( Fig. 3a) . At 10 K, the symmetrized photoemission intensity is suppressed at E F , indicating the opening of an energy gap. Upon increasing temperature, the gap gradually decreases and finally closes at 21 K, consistent with the T c measured by magnetic susceptibility (Fig. 1c) . Below T c , the symmetrized EDCs integrated around k F show a superconducting gap with a coherence peak (Fig. 3b) . We fit the EDCs to the Dynes function 29 ,
is the measured spectrum, ∆ is the gap and Γ is a broadening term (also called the scattering rate). After convolving the energy resolution, we get ∆(10 K) = 2.9 meV and Γ(10 K) = 0.04 meV. Upon increasing temperature, the coherence peak intensity decreases and the gap closes. The temperature dependence of the gap fits well to the BCS formula, giving a 2∆(0)/k B T c of 3.51 ± 0.05, consistent with previous reports on overdoped samples 30 . The superconducting gap structure in momentum space, which reflects the pairing symmetry, was investigated along the Fermi surface cross-sections in the high-symmetry ΓMX and ΓZX planes (Figs. 3d and e). As shown by the dashed lines tracking the coherence peaks, the gap remains constant within our uncertainty, indicating an isotropic gap.
Upon closer inspection of the ARPES spectra near k F , a kink in the dispersion can be observed around a binding energy of 50 meV (Fig. 4a) , which is the signature of electron-boson interactions 31 . In the dispersion extracted from the Lorentz fitting on the MDCs (Fig. 4b) , the slope between E F − 50 meV and E F gives the Fermi velocity, v F , and the slope on a larger energy scale approximates the bare-band Fermi velocity, v 0 F . Their difference indicates a strongly enhanced band mass. The difference between the low energy dispersion and the polynomial fit of the bare band gives the real part of the self-energy, ReΣ (Fig. 4c) , which shows a maximum around 50 meV. The full-width at half-maximum (FWHM) of the MDCs also exhibits a prominent increase around 50 meV (Fig. 4d) , indicating a major change in the quasiparticle lifetime. The quasiparticle lifetime at E F is not infinite as expected for an ideal Fermi liquid, since the FWHM is finite at E F due to extrinsic experimental angular broadening. To exclude this, we subtract the minimum value of the FWHM around E F as a constant background; then the FWHM is multiplied by v 0 F to obtain the imaginary part of the self-energy, ImΣ. The ReΣ from the Kramers-Kronig transformation of ImΣ matches well with that obtained from the dispersion (Fig. 4c) The crystal structure was verified by x-ray diffraction ( Supplementary Fig. S1 ). The superconductivity was confirmed through magnetic susceptibility measurements using a Quantum Design SQUID VSM.
ARPES measurements: The electronic structure in Fig. 2 was measured at Shanghai Synchrotron Radiation Facility beamline 09U with a Scienta DA30 analyzer, and the energy resolution was 18 meV. The superconducting gap was measured at Diamond Light Source beamline I05 with a Scienta R4000 analyzer, and the energy resolution was better than 4 meV. The data in Fig. 4 were taken at Advanced Light Source (ALS) beamline 4.0.3 with a Scienta R8000 analyzer, and the energy resolution was 12 meV. All samples were cleaved and measured under a vacuum better than 5×10 −11 mBar.
ARPES spectra analysis: According to the Migdal-Eliashberg formalism, the electron-phonon spectral function, α 2 F(ω, k), is related to the imaginary part of the self-energy by ImΣ(ω) = π ω max 0 α 2 F(ω) dω. Thus we calculate α 2 F(ω, k) by the derivative of ImΣ(ω). Then the coupling strength is calculated according to the formula λ = 2
with GGA (in the Perdew-Burke-Ernzerhof form 39 ) and HSE06 exchange-correlation functionals 40, 41 .
We used the simple-cubic perovskite structure with lattice constant a = 4.27 Å, an energy cutoff of 500 eV and a 20 × 20 × 20 k mesh in both DFT-GGA and DFT-HSE06 calculations.
Acknowledgements
We gratefully acknowledge enlightening discussions with Prof. Z. 
Additional information
Supplementary information is available in the online version of the paper. 
Intensity (arb. units) 
